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ABSTRACT
Observations of high-redshift Type Ia supernovae (SNe Ia) are used to study the cosmic
transparency at optical wavelengths. Assuming a flat ΛCDM cosmological model based
on BAO and CMB results, redshift dependent deviations of SN Ia distances are used to
constrain mechanisms that would dim light. The analysis is based on the most recent
Pantheon SN compilation, for which there is a 0.03 ± 0.01 (stat) mag discrepancy
in the distant supernova distance moduli relative to the ΛCDM model anchored by
supernovae at z < 0.05. While there are known systematic uncertainties that combined
could explain the observed offset, here we entertain the possibility that the discrepancy
may instead be explained by scattering of supernova light in the intergalactic medium
(IGM). We focus on two effects: Compton scattering by free electrons and extinction
by dust in the IGM. We find that if the discrepancy is due entirely to dimming by dust,
the measurements can be modeled with a cosmic dust density Ωdust
IGM
= 8·10−5(1+z)−1,
corresponding to an average attenuation of 2·10−5 magMpc−1 in V-band. Forthcoming
SN Ia studies may provide a definitive measurement of the IGM dust properties,
while still providing an unbiased estimate of cosmological parameters by introducing
additional parameters in the global fits to the observations.
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1 INTRODUCTION
Observations of Type Ia supernovae (SNe Ia) led
to the discovery of the accelerated expansion of the
universe (Riess et al. 1998; Perlmutter et al. 1999), see
Goobar & Leibundgut (2011) for a review of the field. Cur-
rent compilations of SNe Ia data-sets (Betoule et al. 2014;
Scolnic et al. 2017) are critical to constrain the properties of
the recent period of accelerated expansion and distinguish
between different explanations of late-time acceleration. No
significant deviation has been seen so far from the standard
cosmological model, flat ΛCDM, see e.g., (Dhawan et al.
2017; Lonappan et al. 2017a,b).
Early attempts to explain the observed dimming of
the high-redshift SNe Ia by unresolved astrophysical ef-
fects invoked (among other things) extinction by large dust
grains (‘grey dust’) in the intergalactic medium (IGM) that
would have escaped the reddening corrections applied to
the data (Aguirre 1999; Aguirre et al. 2001). Techniques
to explore this possibility were proposed by (Goobar et al.
2002a), and analysis that followed showed that dimming
by IGM dust was inadequate as an alternative explana-
tion for the apparent accelerated expansion of the uni-
verse. For example, the study of discrete sources detected
by SCUBA account for nearly all the emission at 850µm,
leaving little room in the observed far-infrared background
for diffuse emission from sufficiently large large amounts
of dust in the IGM (Hauser & Dwek 2001). Constraints
on cosmic opacity were obtained from high-redshift quasar
colours (Mo¨rtsell & Goobar 2003), and including soft X-
ray sources (Dijkstra & Loeb 2009; Johansson & Mo¨rtsell
2012), and also from tests of the relation between the lu-
minosity and angular diameter distances (distance duality
relation; Etherington 1933) as tested in More et al. (2009);
Avgoustidis et al. (2009); Nair et al. (2012). When analyz-
ing the impact on previous SNe Ia data-sets, Corasaniti
(2006) and Me´nard et al. (2010a) concluded that the poten-
tial systematic effect from dimming by intergalactic dust,
δm, on the inferred equation of state parameter of the dark
energy equation-of-state w was a few percent, δw ∼ 2δm,
and thus (still) sub-dominant, but a potential concern for
future precision cosmology surveys based on SNe Ia.
In this work, we use the flux independent estimate of
ΩM in the standard flat ΛCDM cosmological model from the
combination of baryon acoustic oscillations (BAO) and cos-
mic microwave background measurements (CMB). The de-
rived redshift dependent luminosity distance predictions are
compared with measurements using SNe Ia in Scolnic et al.
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(2017). Differences between the two are used to study the
cosmic transparency and to explore the possibility that light
is attenuated in the IGM. Dimming of light along the line
of sight would lead to an excess in the measured distance
modulus from SNe Ia, but not influence the BAO and CMB
results. In particular, we focus on two effects that could lead
to light losses affecting the SN distances: Compton scatter-
ing by free electrons and extinction by dust in the IGM.
While the cosmic density of electrons is well characterized
by the baryon density measurements from the CMB, the
presence of dust in the IGM remains poorly constrained.
From the integrated star formation rate, Fukugita
(2011) estimates the total amount of dust produced by
stellar evolution over cosmic time to be Ωdust ∼ 10
−5, in
units of present day critical mass density. This estimate of
the total dust density appeared to be a factor of a few
larger than the amount of dust observed in galactic disks
Fukugita & Peebles (2004); Driver et al. (2007), motivating
the exploration of other locations for dust grains, e.g. in
the IGM. Theoretical studies indicate that dust grains can
be efficiently transported from disks to the IGM through
winds and radiation pressure (Aguirre 1999; Aguirre et al.
2001; Bianchi & Ferrara 2005). Observational evidence of
dust extending beyond galaxies has been established using
low-redshift foreground/background galaxy superposition to
detect extinction up to five times the optical extent of the
spiral galaxies (Holwerda et al. 2009). Herschel observations
of the nearby galaxy M82 shows emission from cold dust
up to 20 kpc from the center of the galaxy (Roussel et al.
2010), and an excess reddening signal on scales ranging from
20 kpc to a few Mpc was found in cross-correlation stud-
ies between the colours of distant quasars and foreground
galaxies as a function of the angular separation of the galax-
ies Me´nard et al. (2010b). More recently, constraints on the
amount of intergalactic dust have been inferred from Mg II
absorbers (Me´nard & Fukugita 2012) to be ΩdustIGM ∼ 2 ·10
−6,
which is about half of the total dust content inferred to exist
outside galaxies (Fukugita 2011).
Here, we aim at measuring the cosmic transparency di-
rectly and place constraints on the density of dust in the
IGM using the SN Ia magnitude-redshift relation, where
the cosmological model has been determined from indepen-
dent probes not susceptible to extinction. Besides their rel-
evance for cosmological distances estimates, these estimates
are of interest to evaluate the impact of dust on CMB
polarization experiments (e.g., see Hensley & Bull 2018),
and for precision measurements of CMB spectral distor-
tions (Imara & Loeb 2016). We also compare the measured
transparency with the expectations of light attenuation due
to Compton scattering on free electrons in the intergalactic
medium, see e.g. Zhang (2008); Hu et al. (2017).
The methodology and data are presented in Section 2,
we describe light attenuation by intergalactic dust in Sec-
tion 3 and opacity from Compton scattering in Section 4.
We present our results in Section 5 and a discussion in Sec-
tion 6.
2 METHODOLOGY AND DATA
For our analyses we use the latest compilation of SNe Ia
from the Pantheon sample (Scolnic et al. 2017), including
1049 SNe Ia extending out to a maximum redshift of 2.26.
We calculate the residuals in the Hubble diagram, ∆µ,
relative to a fiducial cosmology. The expression for the resid-
uals is given by
∆µ = mB + α · x1 − β · c+∆M +∆B −MB − µ (1)
where mB is the observed apparent peak magnitude.
This is corrected for the light curve width (x1), colour (c)
with coefficients α and β and host galaxy properties (∆M ).
Kessler & Scolnic (2017) account for biases due to intrinsic
scatter and selection effects and use the BEAMS with bias
correction method (BBC). BBC simultaneously fits for α
and β from equation 1. The method relies on Marriner et al.
(2011) along with extensive simulations to correct SALT2
parameters, mB , x1 and c. This predicted bias from simula-
tions is expressed as ∆B (see Scolnic et al. 2017, for details).
We note that the colour correction β · c accounts for a com-
bination of the intrinsic colour of the SN and the extinction
from the host galaxy dust (see, e.g. Guy et al. 2007) but
does not explicitly account for an extinction from interven-
ing matter between the SN redshift and the observer. Milky-
Way extinction is accounted for separately by Scolnic et al.
(2017) using the extinction map from Schlafly & Finkbeiner
(2011). MB is the absolute peak magnitude and µ is the
distance modulus given by:
µ = 5log10(DL) + 25 (2)
and the luminosity distance DL, which for a fiducial flat
ΛCDM cosmology is given by
DL =
c(1 + zs)
H0
∫ zs
0
dz√
ΩM(1 + z)3 + 1− ΩM
. (3)
Since the presence of intergalactic dust would only
affect the inferred luminosity distance from SNe Ia and
not the angular scale of the Baryon Acoustic Oscillations
(BAO; Alam et al. 2017) or the cosmic microwave back-
ground (CMB; Planck Collaboration et al. 2016), we use the
BAO and CMB data to evaluate the best fit cosmological
parameters. Assuming a flat ΛCDM model, the present day
matter density (ΩM ) determines the redshift dependence of
the SN Ia Hubble diagram, whereas MB and H0 determine
the absolute scale. Using the compressed CMB likelihood
from the Planck satellite (Planck Collaboration et al. 2016)
and BAO observation at zeff = 0.106, 0.15, 0.32, 0.57 from
Beutler et al. (2011); Ross et al. (2015); Anderson et al.
(2014), we get a best fit ΩM = 0.309 ± 0.006 and hence
this is the adopted cosmological model in this work.
Since MB and H0 are degenerate, we evaluate a com-
bination of the two parametersM =MB − 5 log10(H0). We
only use the subset of supernovae with z < 0.05 to fit M,
since that is a redshift range where the expected opacity in
the intergalactic medium is small enough to be neglected, as
described in the next section. Based on 160 supernovae, we
find M = −28.59 ± 0.01, at a median redshift z = 0.0265.
In particular, we choose the upper range of the first bin,
z < 0.05, since it includes enough objects to yield a 0.01
mag uncertainty onM, while the expected attenuation from
all the models considered was below that value. Extending
c© 2018 RAS, MNRAS 000, 000–000
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Table 1. The Hubble residuals for the Pantheon sample relative
to a flat ΛCDM cosmology with ΩM = 0.309 and M = −28.59.
zbin ∆µ σ∆µ NSN Light-path
[mag] [mag] [Gpc]
0.125 0.035 0.008 254 0.5
0.3 0.029 0.007 355 1.1
0.5 0.044 0.013 118 1.5
0.7 0.037 0.015 80 1.9
0.9 0.044 0.019 59 2.2
1.1 0.018 0.069 7 2.5
1.3 0.044 0.049 10 2.7
1.83 -0.03 0.051 6 3.0
the bin to higher redshifts would systematically bias the es-
timate of the attenuation above the statistical uncertainty.
We bin the residuals with a ∆z of 0.2 up to a redshift of
1.4. The first bin excludes the set of supernovae (z < 0.05)
used to fitM. Since the number of SNe at z > 1.4 is small,
we have only one redshift bin centered at z = 1.83. The
residuals for each redshift bin, along with the errors, the
central redshift, the number of SNe in each bin and the cor-
responding light-travel path are shown in Table 1, where
it can be seen that there is a statistically significant off-
set in the Hubble residuals, ∆µ. This suggests the existence
of potential systematic effects in the low redshift data, see
Scolnic et al. (2017) for a discussion. Alternative explana-
tions may involve a redshift dependence of the SNIa bright-
ness, or dimming of light in the line of sight, since the offset
is such that the more distant supernovae are fainter than
the z < 0.05 sample. In the next section, we examine the
latter. In particular, we compare the observed offset in the
Hubble residuals to the expected attenuation by dust in the
intergalactic medium.
3 LIGHT ATTENUATION BY
INTERGALACTIC DUST
The dimming of supernova light along the line of sight by
scattering on dust grains in the IGM depends on the grain
properties, the redshift distribution of the dust density and
the physical path length. The latter involves the expansion
rate of the universe, H(z). In particular, the wavelength de-
pendent optical depth, τλ, for a source at redshift zs due to
attenuation by a homogeneous density of dust in the IGM,
ρdustIGM(z) is expressed as:
τλ = c
∫ zs
0
κ
(
λ
(
1+zs
1+z
)
, RV
)
ρdustIGM(z)
H(z)(1 + z)
dz, (4)
where κ is the wavelength dependent mass absorption co-
efficient (or opacity), reflecting the nature of the dust size
and composition. As a reference value, and to conform with
the study of Me´nard & Fukugita (2012), we adopt the SMC
value κV ≈ 1.54 · 10
4 cm2g−1 from (Weingartner & Draine
2001), a factor of 1.8 larger than for Milky-Way type
dust. The wavelength dependence is otherwise parametrized
through the total-to-selective coefficient RV , as used for
Milky-Way dust (Cardelli et al. 1989; Fitzpatrick 1999).
Normalizing to the present day critical density (ρc0) and as-
suming that the IGM dust density scales with redshift as
ρdustIGM(0) · (1 + z)
γ , we arrive at the expected attenuation:
Arestλ = 1.086τλ
= 1.086 ·
3cH0
8piG
ΩdustIGMI(zs, λ,RV ) (5)
where
I =
∫ zs
0
κ
(
λ
(
1+zs
1+z
)
, RV
)
(1 + z)γ−1√
ΩM(1 + z)3 + 1−ΩM
dz. (6)
As the observations are not monochromatic, the comparison
should include the convolution of the spectral energy distri-
bution of SNe Ia over the restframe range used for the cosmo-
logical parameter estimations, centered around restframe B-
band. E.g., the highest redshift sources are observed through
near-IR filters centered at 0.44 · (1 + zs) µm. To do this cal-
culation we use the SNOC simulation package (Goobar et al.
2002b). As in Goobar et al. (2002a), we have considered a
wide variety of dust models with RV ranging from 3 to 9.
The grey dust limit (RV ≫ 3) is particularly interesting, as
it otherwise evades detection based on colours.
4 OPACITY FROM COMPTON SCATTERING
The impact of light attenuation by Compton scattering of
SN photons on free electrons has been discussed in Zhang
(2008); Hu et al. (2017) and references therein. As the uni-
verse is re-ionized at z = 6 − 10, a cosmic density of free
electrons that can scatter SN light is expected. The elec-
tron density is tied to the baryon density, as it originates
primarily from ionization of hydrogen and helium atoms. f
Disregarding the fraction of baryons locked to galaxies, we
can estimate an upper bound on the electron density in the
IGM at (z = 0), ne = nH + 2 · nHe, where:
nH = (1− Y ) · ΩBρ
c
0/mp
nHe = Y · ΩBρ
c
0/4mp,
where Y is the helium abundance (by mass), ΩB and mp
are the comoving baryon density and the proton mass re-
spectively. For optical wavelengths the interaction is well-
described by the Thomson cross-section, σT ≈ 6.625 · 10
−25
cm2. For redshifts well below the re-ionization limit, the free-
electron density is expected to scale inversely proportional
to volume, i.e., as (1 + z)3, which leads to the attenuation:
A = 1.086 ·
cσTne
H0
∫ zs
0
(1 + z)2√
ΩM (1 + z)3 + 1− ΩM
dz, (7)
independent of wavelength, in the regime considered here. In
the Eqn (7) we adopt standard cosmology, as in the rest of
this work and have adopted ΩBh
2 = 0.02225 and Y = 0.2467
(Planck Collaboration et al. 2016), leading to an estimate
ne = 3.14 · 10
−7 cm−3.
5 RESULTS
If we attribute the difference in the Hubble residuals in Table
1 to be exclusively from attenuation by intergalactic dust,
c© 2018 RAS, MNRAS 000, 000–000
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we find that it fits well with ΩdustIGM(z) = 8 · 10
−5(1 + z)−1,
as shown in Figure 1. The best fit is found for γ = −1,
which agrees with the empirically derived density evolution
for MgII absorbers. The figure also shows that the model
prediction around the best fit value are only very mildly de-
pendent on the assumption on RV , since we have adopted a
fixed value for κV in all cases, corresponding to an attenu-
ation of 2 · 10−5 mag Mpc−1 in V-band, averaged over the
redshift range considered. Furthermore, the modeled attenu-
ation is slightly smaller for the highest redshifts considered,
in spite of the longer light-travel path, since these obser-
vations are carried out at near-IR wavelengths, where the
expected cumulative attenuation is smaller than in the op-
tical.
For larger values of γ, a steeper redshift evolution
is expected than what is observed. Figure 1 also shows
the expected attenuation from Compton scattering on free-
electrons in the IGM, more than an order of magnitude
smaller than the observed offsets. In this analysis we have
neglected the potential scenario where the colour correc-
tions applied to the data could already correct for some
small fraction of the reddening in the line of sight, especially
if the dust is located at redshifts not very different from
the SN host galaxy. While potentially a source of system-
atic underestimation of ΩdustIGM, the approximation is justi-
fied for the present analysis since the colour excess predicted
by the models considered are small, E(B − V )<∼0.01 mag,
in comparison to the intrinsic colour variations of SNe Ia,
σ(B−V ) ∼ 0.05 mag (Nobili & Goobar 2008). Moreover, the
correlation with the applied β · c correction is weakened,
since most of the expected dimming in the preferred model
happens at lower z, irrespective of the redshift of the SN.
We note that future analysis aiming at extracting an unbi-
ased estimate of ΩdustIGM could avoid this potential source of
error by fitting the IGM dust model simultaneously with the
cosmological parameters and nuisance parameters.
6 DISCUSSION
We have performed the first direct measurement of the cos-
mic transparency of the universe at restframe optical (B-
band) using the latest compilation of Type Ia supernovae
used in cosmology (Scolnic et al. 2017). We find systematic
offsets in the Hubble residuals that may be due to calibra-
tion and selection effects in the low-z data (Scolnic et al.
2014b,a, 2015, 2017). The residuals exceed the expectations
for attenuation of supernova light by scattering on free elec-
trons in the IGM. However, a model with dust in the IGM
following ΩdustIGM(z) = 8 · 10
−5(1 + z)−1
(
1.54·104
κv [cm2g−1]
)
pro-
vides a good statistical fit to the observations. The found
density in this analysis exceeds what has been inferred by
Me´nard & Fukugita (2012) by about an order of magni-
tude. There are, however, some important differences be-
tween the two measurements. Me´nard & Fukugita (2012)
measure reddening of quasars shining through MgII ab-
sorbers, which are predominantly found close to galaxy ha-
los. Furthermore, since their method is based on measuring
colour excess, it is insensitive to grey dust caused by large
dust grains. However, theoretical modelling of dust in the
IGM by Aoyama et al. (2018) suggests that the density of
large grains in the IGM should be close to an order of mag-
nitude larger than small grains. A dominant contribution
of large grains would result in a much weaker wavelength
dependence in the attenuation than what was found by
Me´nard & Fukugita (2012). It is therefore possible that the
difference between the two measurements could be recon-
ciled once the spatial and grain size sensitivity is accounted
for, since the measurement presented in this work is insen-
sitive to the spatial distribution of the IGM dust, and only
moderately sensitive to grain size, and in the opposite direc-
tion as the QSO result. However, the measured dust density
in our analysis remains high compared to theoretical expec-
tations in (Aoyama et al. 2018). We use the best fit values
for the intergalactic dust and find that, if not corrected for,
the inferred value of w changes by a ∆w ∼ 0.05, i.e., compa-
rable to the quoted statistical uncertainty in Scolnic et al.
(2017). However, if dust in the IGM is confirmed by new
data-sets to be present at levels comparable to what has
been found here we advocate a different strategy. A correc-
tion that renders the cosmological analysis of future larger
data-sets unbiased can be achieved by including two more
parameters in the global fit, corresponding to ΩdustIGM and γ
in Eqns. (5) and (6). For the present data-set we found
w = −0.993 ± 0.073, i.e., resulting in a somewhat larger
uncertainty on the dark energy equation of state parameter
in a joint fit between SNe Ia, BAO and CMB, fixing γ = −1.
As mentioned, the observations could also be explained
by selection effects and calibration systematics between the
low-z and high-z SNe Ia sample. Since the low-z SN an-
chor is constructed from a variety of SN programs, which
combines different photometric systems as well as volume-
limited with magnitude-limited surveys, having a homoge-
neous low-z sample would be important to test the presence
of systematics. Many of these issues are being addressed by
the Foundation Survey (Foley et al. 2018), a follow-up sur-
vey of low-z SNe discovered by ‘rolling surveys’ like AT-
LAS (Tonry 2011) and ASAS-SN (Shappee et al. 2014),
which should observe up to 800 SNe. A definitive answer
may be provided by the Zwicky Transient Facility (ZTF)
(Bellm & Kulkarni 2017), a new multi-colour rolling survey
that between 2018 and 2020 will find ∼ 2000 SNe in the
Hubble flow out to a redshift of 0.08, an order of magnitude
greater than the number of SNe in the same redshift range
in the current compilation, implying an improvement by ∼
a factor of 3 on the statistical uncertainty, with a 1% target
for systematic errors.
These low-z samples will be comple-
mented by the Wide-Fast-Deep survey of LSST
(LSST Dark Energy Science Collaboration 2012), which
will provide about an order of magnitude larger statistics
on the number of high-z SNe in the same redshift range
in the current compilation. Exploration of even higher
redshifts, potentially interesting for modelling of IGM dust
enrichment, may become feasible with the next generation
space telescope, JWST. The new sets of SNe Ia data will
allow us to explore cosmic transparency very accurately, an
important aspect for precision cosmology.
c© 2018 RAS, MNRAS 000, 000–000
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Figure 1. Observed SN Ia Hubble residuals, ∆µ, from the best fit cosmology derived from an independent combination of BAO and
CMB data, see also Table 1. The open square symbol indicates the redshift bin used to estimate M, i.e., the zero level of the Hubble
residuals. The shaded region shows the expected attenuation from intergalactic dust parameterized by Fitzpatrick (1999). We consider
a wide range of redshift evolutions, all corresponding to a density ΩdustIGM = 8 · 10
−5(1 + z)γ . The best fit is found for γ = −1, indicated
by the lower solid line. The steep redshift dependence predicted for larger (positive) values of γ is inconsistent with the observations.
The IGM dust model shown with solid lines corresponds to RV = 9, while the dot-dashed curve corresponds to RV = 3, i.e., the model
predictions are only mildly affected by the choice on the total-to-selective extinction, as explained in the text. The dashed line shows the
predicted attenuation from Compton scattering by free electrons in the IGM, Eqn (7), well below the accuracy of the Hubble residuals in
the Pantheon data (Scolnic et al. 2017). The upper axis scale indicates the light travel-path. The modeled attenuation decreases slightly
towards higher redshifts for the best fit (γ = −1), in spite of the longer path, since these observations are carried out through near-IR
filters, where the cross-section for light scattering is smaller than for optical wavelengths.
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